Peritoneal metastasis is one of the major patterns of unresectability in colorectal cancer (CRC) and a cause of death in advanced CRC. Identification of distinct gene expressions between primary CRC and peritoneal seeding metastasis is to predict the metastatic potential of primary human CRC. Three pairs of primary CRC (SNU-2335A, SNU-2404A, and SNU-2414A) and corresponding peritoneal seeding (SNU-2335D, SNU-2404B, and SNU-2414B) cell lines were established to determine the different gene expressions and resulting aberrated signaling pathways in peritoneal metastasis tumor using whole exome sequencing and microarray. Whole exome sequencing detected that mutation in CYP2A7 was exclusively shared in peritoneal seeding cell lines. Microarray identified that there were five upregulated genes (CNN3, SORBS1, BST2, EPSTI1, and KLHL5) and two downregulated genes (TRY6 and STYL5) in the peritoneal metastatic cell lines. CNN3 expression was highly augmented in both mRNA and protein levels in peritoneal metastasis cells. Knockdown of Calponin 3 resulted in augmented level of Ecadherin in peritoneal metastasis cells, and migration and invasiveness decreased accordingly. We suggest that CNN3 takes part in cell projection and movement, and the detection and distribution of CNN3 may render prognostic information for predicting peritoneal seeding metastasis from primary colorectal cancer.
Introduction
Colorectal cancer (CRC) is the second most common cause of cancerrelated deaths in developed countries. In Korea, CRC incidents are increasing annually as the third most common cancer [1] . Peritoneal metastasis is one of the major patterns of unresectability in CRC and a cause of death in advanced CRC. In spite of improvements in chemotherapy and surgical techniques, prognoses for peritoneal metastasis remain unfavorable [2] . Peritoneal carcinomatosis is considered as a sequence of events that together form a peritoneal metastatic cascade. Initial exfoliation of malignant cells is reported to involve several adhesion molecules, including E-cadherin, CD44, Selectins, and various leukocyte-associated antigens [3, 4] . Intraperitoneal tumor dissemination is partly promoted by tumor-induced mesothelial apoptosis mediated via Fas/FasL mechanism [5] . Attachment to the submesothelial tissue is mainly mediated by adhesion molecules such as ICAM-1, PECAM-1, and VCAM-1, which are expressed by mesothelial cells. Integrin also plays important role in adhesion to the basement membrane [6, 7] . Invasion into the subperitoneal space is induced by HGF/SF produced by mesothelial cells. Subsequent infiltration of the peritoneal-blood barrier occurs via degradation by proteases [8] . Recent genomic profiling studies have identified distinct gene expression patterns, determining CRC spreading to the liver, the peritoneum, or both. For instance, Diep et al. profiled that peritoneal carcinomatoses and liver metastases tend to have more DNA copy number changes than original lesions [9] . Kleivi et al. reported that chromosome arm 5p gains are common in peritoneal carcinomatoses, and 20 genes (including PTGER4, SKP2, and ZNF622) mapping in this region were overexpressed in the tumors [10] . Nevertheless, the complexity of peritoneal metastatic cascade and molecular cross talk between tumor cells and host elements demands for the development of new therapeutic targets for peritoneal seeding [11] . Thus, establishing peritoneal metastatic cell lines and identifying distinct gene expression patterns in the peritoneal seeding compared to the matched primary CRC will improve our understanding of the mechanisms responsible for peritoneal seeding metastases [9, 10] .
In this paper, three pairs of primary CRC and corresponding peritoneal seeding cell lines were established and analyzed by the whole exome sequencing and microarray to identify distinct mutational statuses and gene expressions between primary CRC and peritoneal seeding metastasis.
Methods

Cell Line Establishment
Cell lines were established from pathologically proven colorectal carcinomas. Detailed procedure was described previously [12] . The locations and stages of original tumors were listed in Table 1 .
DNA Fingerprinting Analysis
The genomic DNA from each cell line was amplified using the AmpFlSTR identifiler PCR amplification kit (Applied Biosystems, Foster City, CA). Detailed procedure was described previously [12] . The STR profiles of established peritoneal metastasis cancer cell lines and their parental colorectal cancer cell lines are listed in supplementary Table 23 .
Cell Growth Properties
Suspensions of 5×10 4 cells were added to 35-mm tissue culture dishes containing culture medium. The number of cells was counted in triplicate at 24-hour intervals for at least 10 days. The doubling time of the cells was calculated from the growth phase. Cell viability was determined with 0.4% trypan blue dye, and the number of viable cells was counted using countess automated cell counter (Invitrogen, Carlsbad,CA). The morphology of cells grown in T-75-cm 2 culture flasks was observed daily by phase-contrast microscopy. In addition, mycoplasma contamination was tested by the 16S-rRNA gene-based PCR amplification method using the e-Myco Mycoplasma PCR detection kit (Intron Biotechnology, Gyeonggi, Korea).
Cell Cultures
Forty-eight human CRC cell lines (SNU-61, SNU-70, SNU-81, SNU-175, SNU-254, SNU-283, SNU-407, SNU-479, SNU-503, SNU-769A, SNU-769B, SNU-796, SNU-977, SNU-1033, SNU-1040, SNU-1047, SNU-1181, SNU-1197A, SNU-1235, SNU-1411, SNU-1406, SNU-1544, SNU-1684, SNU-1746, SNU-C1, SNU-C2A, SNU-C4, SNU-C5, Caco-2, COLO201, COLO205, COLO320, DLD1, HCT-8, HCT-15, HCT-116, HT-29, LoVo, LS174T, NCI-H716, SW-403, SW-480, SW-620, SW-1116, WiDr, KM12C, KM12SM, and KM12L4) were obtained from the Korean Cell Line Bank. All cell lines were maintained in RPMI1640 media with 10% fetal bovine serum at 37°C and 5% CO 2 . All cell lines were tested and authenticated by Korean Cell Line Bank using DNA finger printing analysis.
Nucleic Acid Isolation and Complementary DNA Synthesis
Genomic DNA was extracted from the cell lines using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), and RNA was extracted using the TRIzol (Life Technologies, Carlsbad, CA) and RNeasy Plus Mini Kit (Qiagen) according to manufacturer's protocol. For cDNA synthesis, QuantiTect Reverse Transcription Kit (Qiagen) was used. One microgram of total RNA, 2 μl of gDNA Wipeout Buffer, and DEPC water up to 14 μl were mixed together and incubated at 42°C for 2 minutes. The mixture was mixed with Quantiscript RT Buffer, RT Primer Mix, and Quantiscript Reverse Transcriptase and incubated at 42°C for 45 minutes. Finally, the mixture was incubated at 95°C for 2 minutes and cooled down to room temperature.
Microarray Analyses
Total RNA was extracted using TRIzol (Life Technologies, Carlsbad, CA) and purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA integrity was assessed with an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA). High-quality RNA (RNA integrity number N 9.0) was used for the gene expression microarray analysis (Affymetrix, Inc., Santa Clara, CA). After 16 hours of hybridization at 45°C, the arrays were washed and stained on a GeneChip Fluidics Station (Affymetrix, Inc.) and scanned using the Gene Chip Scanner 3000 (Affymetrix, Inc.). The CEL intensity data extracted by GCOS (Gene Chip Operating Software) and Affymetrix Expression Console software with the default RMA parameters were used for data analysis.
Whole Exome Sequencing
SureSelect sequencing libraries were prepared according to manufacturer's instructions (Agilent sureselect all Exon kit 50 Mb) using the Bravo automated liquid handler. Three micrograms of genomic DNA was fragmented to a median size of 150 bp using the Covaris-S2 instrument (Covaris, Woburn, MA). The adapter ligated DNA was amplified by PCR, and the PCR product quality was assessed by capillary electrophoresis (Bioanalyzer, Agilent). The hybridization buffer and DNA blocker mix were incubated for 5 minute at 95°C and then for 10 minutes at 65°C in a thermal cycler. The hybridization mixture was added to the bead suspension and incubated for 30 minutes at RT while mixing. The beads were washed, and DNA was eluted with 50 ml SureSelect elution buffer (Agilent). The flow cell loaded on HISEQ 2500 sequencing system (Illumina).
qRT-PCR
Detailed procedure was described previously [12] . The primers that were used in this study are listed in supplementary table 21.
Protein Isolation and Western Blotting
Cells were harvested with a cell scraper after washing with cold PBS. Whole protein was extracted with EzRIPA buffer (ATTO Co., Tokyo, JAPAN) supplied with 1% protease inhibitor and 1% of phosphatase inhibitor. The protein concentration was calculated by SMART micro BCA protein assay kit (Intron Biotechnology, Gyeonggi, Korea). Equal amounts of protein were loaded on 4%-15% Mini-PROTEAN TGX Precast Gels (BIO-RAD, Hercules, CA) and blotted at 50 V for 2 hours. Proteins were transferred to a Trans-Blot Turbo Transfer Pack (BIO-RAD) using the Trans-Blot Turbo Transfer System V1.02 machine (BIO-RAD) at 2.5 A and 25 V. The membrane was incubated in 2.5% skim milk containing 0.5 % Tween 20 for an hour at room temperature. Primary antibodies against Calponin 3 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) (1:2000), Sorbin and SH3 Domain Containing 1 (Life Technologies, Carlsbad, CA) (1:1000), E-cadherin (Abcam, Cambridge, United Kingdom) (1:1000), and β-actin (Applied Biological Materials Inc., Richmond, BC, Canada) (1:5000) were introduced to the membrane and incubated at room temperature for 1 hour. Peroxidase-conjugated mouse or rabbit IgG antibody (Jackson Immunoresearch, West Grove, PA) (1:5000) was added as a secondary antibody and incubated at room temperature for 1 hour. Chemiluminescent working solution, WESTZOL (Intron Biotechnology), was decanted to the membrane. The membrane was exposed to Fuji RX film for 1-5 minutes.
Knockdown of CNN3 by Short Hairpin RNA Transduction
Forty thousand 293FT cells with 10 ml of DMEM supplied with 10% of FBS and 1% of penicillin streptomycin were seeded on a 100 pi tissue culture dish. After incubating for 24 hours at 37°C and 5% CO 2 , the culture medium was changed to 10 ml of Opti-MEM, and short hairpin RNA targeting CNN3 and control vector were treated using ViraSafe Lentiviral Packaging System, Pantropic (CELL BIOLABS, INC., San Diego, CA), and Lipofectamine 3000 (Invitrogen) in accordance with manufacturer's protocol. After 48 hours, the viral soup was harvested and filtered through a 0.45-μm pored filter (Sartorius Stedim Biotech SA, Göttingen, Germany). The harvested viral soup was aliquoted into a 1.5-ml tube and kept at −70°C. Fifty thousand peritoneal metastatic cells were seeded on 24-well tissue culture plate with 0.5 ml of RPMI1460 medium and incubated at 37°C in an atmosphere of 5% CO 2 and 95% air for 24 hours. Viral transduction was performed using ViraDuctin (CELL BIOLABS, INC., San Diego, CA) according to manufacturer's protocol.
Confocal Assay
Four thousand cells were seeded on chambered coverglass (Thermo Fisher Scientific, Waltham, MA). The chambered coverglass was designed to be hydrophilic, and no ECM component was treated before seeding. Once 70% confluency had been reached, cells were washed with cold DPBS three times. Then, cells were fixed and permeabilized with BD Cytofix/Cytoperm (BD Science, San Jose, CA). After cells were washed with washing solution (BD Science), DPBS containing 2% FBS (GE Healthcare Life Sciences, Buckinghamshire, UK) was applied for an hour. After cells were washed with cold DPBS, Calponin 3 (Santa Cruz Biotechnology, Santa Cruz, CA) (1:500) and E-cadherin antibody (Abcam, Cambridge, United Kingdom) (1:400) diluted in 0.05% of PBST was applied for 1.5 hours in room temperature. Thereafter, cells were washed with 0.05% of PBST, and Alexa 488 and Alexa 568 secondary antibodies (Thermo Fisher Scientific, Waltham, MA) (1:500) diluted in 0.05% of PBS.T were applied for an hour in room temperature. DAPI and Rhodamine-conjugated Phalloidin (Sigma-Aldrich, MO, USA) were diluted in distilled water and applied for 30 minutes in room temperature. Cells were washed with DPBS three times and applied under confocal microscope. LSM800 Confocal Laser Scanning Microscope and ZEN software (Carl Zeiss, Oberkochen, Germany) were used to analyze images. Digital resolution, scan speed, and the number of pictures averaged were set to 1024 × 1024, 40 seconds per one channel, and 8 pictures, respectively. Diverse magnifications were used in accordance with growth patterns and sizes of cells. Scale bar is inserted into each image processed. The intensity of each channel was fixed for comparing target protein expression between samples. The pictures were focused on the bottom of the fixed cells for investigating protruding region of cell colonies and the location of Calponin 3 and E-cadherin. Z-stacking was applied for SNU-2404 cell lines due to their aggregating nature. Distances from the initial focal point are indicated separately in Figure 3 .
Gap Closure Migration Assay
Gap closure migration assay was performed using CytoSelect 24-Well Wound Healing Assay kit (CELL BIOLABS, INC., San Diego, CA) according to manufacturer's protocol. Briefly, SNU-2414B naïve, SNU-2414B shControl, and SNU-2414B shCNN3 cells were diluted to 2 × 10 5 cells/ml in RPMI1640 supplied with 10% of FBS and 1% of penicillin streptomycin. Once the inserts provided in the assay kit were put into each well of 24-well tissue culture plate, 500 μl of previously diluted cell solution was dispensed to each side of the insert, making a total of 1 ml of cell solution each well. After 24 hours of incubation at 37°C in an atmosphere of 5% CO 2 and 95% air, inserts were removed. Immediately, cells were washed with complete media twice. With 24-hour interval for 5 days, the wound closing process was recorded under phase contrast microscope. The closed wound area was calculated with ImageJ version 1.8.0. The whole procedures were independently triplicated, and average closed wound area was analyzed using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla, CA).
3D Spheroid Cell Invasion Assay
3D spheroid cell invasion assay was performed using Cultrex 96-Well 3D Spheroid BME Cell Invasion Assay kit (Trevigen, Gaithersburg, MD) according to manufacturer's protocol. Dilute 1 × 10 6 cells per ml in cell culture medium. 10× Spheroid Formation ECM is thawed on ice at 4°C and diluted with RPMI1640 supplied with 10% of FBS and 1% of penicillin streptomycin chilled to 4°C. Spheroid Formation ECM solution is composed of proprietary mixture of extracellular matrix proteins derived from murine EHS sarcoma cells. Cells are resuspended in 1× Spheroid Formation ECM, and 50 μl of cell suspension is added to each well of the 3D Culture Qualified 96 Well Spheroid Formation Plate. Centrifuge at 200×g for 3 minutes at room temperature in a swinging bucket rotor, and incubate at 37°C in a tissue culture incubator for 72 hours to promote spheroid formation. After 72 hours, the 3D Culture Qualified 96 Well Spheroid Formation Plate is placed on ice for 15 minutes to cool wells. Working on ice, 50 μl of Invasion Matrix is added per well of the 3D Culture Qualified 96 Well Spheroid Formation Plate. The plate is centrifuged at 300×g at 4°C for 5 minutes in a swinging bucket rotor to eliminate bubbles and position spheroids within the Invasion Matrix towards the middle of the well. The plate is transferred to a tissue culture incubator set at 37°C for 1 hour to promote gel formation of the Invasion Matrix. After 1 hour, 100 μl of warm (37°C) cell culture medium is added containing 10% FBS as the chemoattractant. The spheroid in each well was photographed every 24 hours for 5 days under phase contrast microscope using the 4× objective. Images were analyzed using ImageJ version 1.8.0 (http://rsb.info.nih.gov/ij/). The area of the spheroid structure (μm 2 ) was analyzed using GraphPad Prism version 7.00 for Windows, (GraphPad Software, La Jolla, CA). The entire procedures were independently triplicated.
Statistical Analysis
Independent replicates refer to independent cell samples seeded, treated, and imaged on different days. Differences between effects of shCONT and shCNN3 were assessed with two-way ANOVA test. P values b .05 were considered statistically significant and indicated with asterisks using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla, CA). Microarray visualization and analysis were performed using R program version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria) with various packages including iplot, gplot, lattice, and RCircos. The microarray data were evaluated using Kruskal-Wallis test and Mann-Whitney U test with a Bonferroni correction for pathway analysis. The analysis for different mRNA species was performed using a two-tailed Spearman's rank correlation test, and differences were considered statistically significant at *P b .05.
Results
General Characteristics of Cell Lines
The clinicopathologic characteristics of the cell lines are summarized in Table 1 . The morphologies of each cell lines are described in figure legends ( Figure 1A ). All cell lines were free from bacteria or Mycoplasma contamination, and not cross-contaminated (Supplementary Table 23 ).
Whole Exome Sequencing Data Analysis
Thirty-one fundamental genes in developing CRC are selected from referring to previous research [13] (reference genes are listed in supplementary Table 23 ). SNU-2404 pair had the whole deletion of exon 3 in CTNNB1 as confirmed by Western blotting and IGV program ( Supplementary Figs. 1, 2) . None of the TP53 mutations was located in hot spots containing CpG dinucleotides, and all mutations were homozygous. Detailed results of the whole exome sequencing are summarized in Supplementary Tables 1-5 . Moreover, shared mutations in peritoneal metastasis cell lines were screened (Supplementary Tables 6-8 ). Only one missense mutation of CYP2A7 (c.181TNA/p.Phe61Ile) was exclusively shared in all three peritoneal metastatic cancer cell lines.
Microarray Data Analysis
Two-folds change classification was used to select distinctly expressed genes in peritoneal metastasis cell lines. The number of up-and downregulated genes with their intersection between two different peritoneal metastasis cell lines is summarized in Figure 1 , B and C. The number of upregulated genes in the intersection between SNU-2404 set and other two pairs was much lower than that of shared genes between SNU-2335 set and SNU-2414 set ( Figure 1B) . It was reencapsulated in the circos-plot presenting distinct mRNA expressions of classified genes ( Figure 1H ). There were multiple genomic regions such as 4q24-4q26, 5p15.33-5p14.1, 6p22.3-6p22.1, and 7p21.3 in which genes identified from SNU-2404 pair were reversely regulated in SNU-2335 and SNU-2414 sets. Given that the adherent growth pattern of SNU-2404A is changed to floating aggregates in SNU-2404B, it could be assumed that SNU-2404A had different kinds of alternation in extracellular matrix binding molecules or/and epithelial mesenchymal transition factors. This prospect leads to pathway analysis to investigate which signaling pathways are aberrated in peritoneal metastasis (Figure 1 , I, J, K and Supplementary Figs. 5-11 ). The result from the pathway analysis certified the assumption that the SNU-2404 set has distinct deregulated pathways from the other two pairs. Both SNU-2335 and SNU-2414 sets had activated focal adhesion, MAPK, and TGFbeta signaling (Figure 1, I and K) . On the contrary, SNU-2404 set had inhibited ECM receptor binding, bile secretion, and small cell signaling ( Figure 1J ). There were five upregulated and two downregulated genes in all three peritoneal metastasis cell lines (Table 2, Figure 1 , B and C), and these genes may play a role in connecting diverse deregulated pathways. For those seven genes, a heatmap was drawn to visualize fold changes ( Figure 1G ). Their expressions in mRNA level were reconfirmed by RT-PCR ( Figure 1E ). CNN3 became gene of interest since its mRNA level was remarkably augmented in SNU-2404B cells (10.6-folds) compared to that of SNU-2335D (2.5-folds) and SNU-2414B cells (4.2-folds) and was likely to explain the morphologic change of the SNU-2404 pair. To further classify primary cell lines and metastatic cell lines for target gene selection, 156 probe sets with *Pb.05 using paired t test were selected. Among them, 15 genes with the highest scores in primary and metastatic classes were identified ( Figure 1D ). CNN3, SORBS1, and TRY6 were identified in both fold change selection and classification using a probe set, and their protein levels in isolated peritoneal pairs were confirmed with Western blotting. Protein expression of TRY6 was not detectable, and the only results from CNN3 and SORBS1 were shown ( Figure 1F ). Interestingly, SORBS1 band was absent in SNU-2335D, while it was highly increased in SNU-2335E, which is an ovarian metastasis cancer cell line. On the
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other hand, CNN3 band was clearly amplified in SNU-2335D compared to SNU-2335A, and SNU-2335E had similar expression level with SNU-2335A. Therefore, CNN3 was pursued for specific marker for peritoneal metastasis, and functional study was continued.
CNN3 Expression Analysis in Colorectal Cancer Cell Lines by RT-PCR and Western Blotting
The expression of CNN3 in mRNA level was examined in 32 CRC cell lines (Figure 2A) . Of the used 32 CRC cell lines, molecular profiles of 14 CRC cell lines were deposited in the canSAR database (https://cansar.icr.ac.uk). Mutational features of 14 cell lines were analyzed in accordance with their mRNA levels and described in the discussion section. The mRNA level of CNN3 was distinctly higher in SNU-769A (lymph node metastasis) than SNU-769B (primary CRC tissue). In order to verify if the Calponin 3 is amplified in other metastasis pair of CRC cell lines, SW-480, SW-620, KM12C, KM12SM, and KM12L4 cell lines were obtained from Korean Cell Line Bank. Consistently, Calponin 3 was increased in metastatic cancer cell lines ( Figure 2B ).
3D Spheroid Cell Invasion Assay and Gap Closure Migration Assay
In order to further investigate the role of Calponin 3 in peritoneal metastasis cancer cells, short hairpin RNA targeting CNN3 (shCNN3) was transducted to the peritoneal metastasis cell lines. SNU-2335 pair was excluded since knockdown of Calponin 3 caused cell death. 3D spheroid cell invasion assay signified that knockdown of Calponin 3 resulted in decreased invasiveness in both SNU-2404 ( Figure 2D ) and SNU-2414 pairs ( Figure 2E ). Cell proliferation was measured in parallel with 3D spheroid cell invasion assay to distinguish invasion ability from the growth rate in both SNU-2404 ( Figure 2F ) and SNU-2414 set ( Figure 2G ). Besides, peritoneal metastasis cells with downregulated Calponin 3 aggregated more tightly, and the spheroid maintained intact round shape compared to parental peritoneal metastasis cells (Figure 2, H and I) . SNU-2404 set was ruled out for gap closure migration assay for their floating aggregate nature. In parallel with 3D spheroid cell invasion assay, downregulating Calponin 3 in SNU-2414B hindered the wound closing rate compared to SNU-2414B naive and SNU-2414B with control vector (Figure 2 , J and L). Entire procedure was independently triplicated and averaged. Cell proliferation was measured in parallel with wound healing assay to distinguish migration ability from growth rate ( Figure 2K ).
Calponin 3 Analysis in Established CRC Cell Lines by Immunofluorescence
The location and relative expression of Calponin 3 were examined by immunofluorescence. Consistent with prior findings, cell lines derived from peritoneal metastasis CRC had augmented Calponin 3 compared to the primary CRC cell lines ( Figure 3A) . In SNU-2335 and SNU-2414 sets, colocalization of Calponin 3 and F-actin was mostly restricted to intercellular junction, and Calponin 3 was most prominent at the edge of the colonized cell population (Figure 3 , A, B and C).
Referring to 3D invasion assay, knockdown of Calponin 3 resulted in tightly packed spheroid in both SNU-2404B and SNU-2414B, which led to the potential relationship of Calponin 3 and E-cadherin. Remarkably, knockdown of Calponin 3 in SNU-2414B cell line increased E-cadherin level in both Western blotting ( Figure 2C ) and immunofluorescence assay ( Figure 4A ). This was observed in SNU-2404B cell line in Western blotting as well ( Figure 2C) . To obtain entirety of floating SNU-2404B cell colonies, Z-stacking was applied. Within a single spheroid population, Calponin 3 was expressed in outer region of the SNU-2404B shCONT aggregate compared to Ecadherin ( Figure 4 , B and C). SPIA pathway analysis indicated SNU-2404 set had inhibited ECM binding signaling ( Figure 1J ), and this result may imply that Calponin 3 plays a role in impeding ECM binding of SNU-2404B cells. Downregulating Calponin 3 barely affected F-actin structure in both SNU-2404 and SNU-2414 sets (Supplementary Figure 4, A and B) . Nevertheless, it could be Log2-fold change was computed based on the mRNA expressions of metastatic CRC cell lines (SNU-2335D, SNU-2404B, and SNU-2414B) compared to primary CRC cell lines (SNU-2335A, SNU-2404A, and SNU-2414A). observed that SNU-2414B shCNN3 cells had more circular shape than SNU-2414B shCONT cells (Supplementary Figure 4A) .
Discussion
Recently, there have been many reports regarding the use of novel gene markers for diagnostic tools, chemotherapeutic targets, and predicting prognosis [14] [15] [16] [17] [18] . Although genetic studies of colorectal carcinogenesis have focused on the differences between normal colonic mucosa and primary carcinomas [14] , there are few studies on the genetic alteration of primary carcinomas to peritoneal metastases. Diep et al. [9] profiled that peritoneal carcinomatoses and liver metastases usually have more DNA copy number changes than original lesions. Kleivi et al. reported that chromosome arm 5p gains are common in peritoneal carcinomatoses, and 20 genes (including PTGER4, SKP2, and ZNF622) mapping in this region were overexpressed in the tumors [10] . The purpose of this study was to find novel markers for identifying peritoneal metastases in CRC. We identified 117 upregulated genes (Supplementary Table 19 ) and 87 downregulated genes (Supplementary Table 20 ) in more than two metastatic cell lines by microarray. Five upregulated (CNN3, SORBS1, BST2, EPSTI1, and KLHL5) and two downregulated genes (TRY6 and STYL5) were differentially expressed in all three metastatic cell lines (Table 2) .
Microarray Data Analysis
According to Gene Ontology term analysis, three upregulated genes (CNN3, SORBS1 and KLHL5) in the three peritoneal metastasis cell lines were associated with actin binding (Table 2) . KLHL5 was only present in SNU-2414B, whereas CNN3 and SORBS1 were detected in all peritoneal metastasis cell lines ( Figure 1E ). KLHL5 gene was reported to be related with various cellular processes, such as actin cytoskeleton interaction, cytoplasmic sequestration of transcription factors, and cell morphology [19] . Given that the growth pattern of SNU-2414B (monolayer) was different from that of SNU-2335D (multilayer) and SNU-2404B (floating), KLHL5 might be related to the contact inhibition. The exclusive expression pattern of BST2 and STYL5 in SNU-2335 triple was noteworthy. BST2 was present only in SNU-2335D, while STYL5 was expressed in SNU-2335A and SNU-2335E ( Figure 1E ). It was reported that the expression of STYL5 in mRNA level was increased in invasive breast carcinoma in response to estradiol, and it affected diverse aspects of vesicle trafficking including exocytosis [20] . Given that SNU-2335E was derived from a Krukenberg tumor mass, estradiol may be responsible for the SYTL5 expression in SNU-2335E. Furthermore, SYTL5 is known as an effector molecule that specifically binds and regulates the GTP-bound form of the GTPase RAB27A/B [21] . Recently, Dong W et al. reported that decreased expression of RAB27A/B correlates with metastasis in colorectal cancer [22] . SYTL5 was exclusively absent in all peritoneal metastasis cell lines in mRNA level ( Figure 1E ). Our findings may indicate that SYTL5 deregulates RAB27A/B in primary CRC and promotes proceeding to peritoneal metastasis. BST2 has been reported to mediate metastasis in several types of cancer [23, 24] Walter-Yohrling et al. revealed that BST2 expression was highly augmented in metastatic ovarian cancer [25] . Nevertheless, in SNU-2335 set, BST2 expression was selectively increased in peritoneal metastasis, and SNU-2335E was analogous to SNU-2335A in both microarray and RT-PCR. The absence of BST2 in Krukenberg tumor mass is to be elucidated.
Whole Exome Sequencing Data Analysis
Mutations that were previously reported in developing metastatic colorectal cancer were screened. The proposed functions of mutations and references are listed in Supplementary Table 9 [26] [27] [28] [29] [30] [31] [32] . CTNNB1 codes β-catenin, which plays a major role in Wnt signaling, and its status is closely related to distant metastasis. SNU-2335A harbored c.1974CNA/p.Asp658Glu missense mutation in CTNNB1, which was not detected in its paired metastatic cell lines. The c.1974CNA/p.Asp658Glu missense mutation was reported previously, but its functional role has not been discovered. Although all cell lines had MSH3 missense mutations, cells were identified as microsatellite stable. According to dbSNP database, clinical significance of one mutation (c.235ANG/p.Ile79Val) was known to be benign, and that of other two mutations (c.2846ANG/p.Gln949Arg and c.3133GNA/p.Ala1045Thr) was unknown. Even though c.3133GNA/p.Ala1045Thr mutation was reported to increase cancer risk in multiple organs such as colorectal cancer, breast cancer, prostate cancer, ovarian cancer, and esophageal cancer [33] , none was reported to be related with inactivation of MSH3. One missense mutation in the CYP2A7 was shared in all three peritoneal metastatic cell lines. CYP2A7 is expressed mainly in liver tissue, and its role in colorectal cancer remains unclear. We took advantage of publically available cancer cell line database (canSAR) and drew comparison between mutational status of CYP2A7 gene and CNN3 expression level. Although the genomic positions of mutation were various, missense mutations of CYP2A7 were found in SNU-1040 (c.306CNT/p.Gly102Gly), SNU-C5 (c.164ANT/p.Tyr55Phe), and HCT-15 (c.230GNA/p.Arg77Gln) cell lines among 14 available CRC cell lines from the canSAR database. These cell lines had relatively high CNN3 level compared to the rest of 11 cell lines analyzed ( Figure 2A ). This may imply that mutational status of CYP2A7 gene is connected to augmented CNN3 expression.
We also compared our WES data to findings by Nicholas E. Navin's lab which reported genomic alterations in distant metastases in a single cell level [34] . They detected 13 mutations that were exclusively found in primary CRC and 37 mutations that were selectively harbored in metastatic cells by deep-exome sequencing. Although genomic positions of each mutation varied, 5 genes were found to have missense mutations in our primary CRC cell lines, and 9 genes were found to have missense mutations in our peritoneal metastasis cell lines (Supplementary Table 10 -15) . They also reported genes that mediated clonal evolution in the metastatic site by ultradeep targeted sequencing. We screened the variant allele frequency of those genes in our primary CRC and peritoneal metastasis cell lines (Supplementary Tables 16-18 ). In SNU-2414 set, PIK3CG and LINGO2 mutations were detected in primary CRC, and SPEN mutation was found in metastasis cell line, which was concordant with their findings. Moreover, variant allele frequencies of three missense mutations in EYS gene (c.5705ANT, c.4256TNC, c.1712ANG) were changed from~0.5 in SNU-2414A to 1 in SNU-2414B, which may indicate clonal evolution at metastatic site. The potential role of EYS gene in metastasis should be elucidated.
CNN3 as a Potential Metastasis Marker
As one of three isoforms (basic/h1-calponin, neutral/h2-calponin, and acidic/h3-calponin) in the calponin family that functions as calmodulin and F-actin binding partners, Calponin 3 is expressed in smooth muscle and nonmuscle cells [35] . While the role of the calponin family in regulating smooth muscle contractility has been extensively investigated, the function and regulation in nonmuscle cells are much less understood. Recent studies have demonstrated that calponin family plays a regulatory role in nonmuscle cell motility, which makes calponin family as an attractive target for controlling cell proliferation, metastases, and cancer treatment [36] .
In order to confirm the expression profile in the original histological patient samples, we obtained very initial passages of each cell line (passage 1 or 2) and checked the differential expression of candidates in mRNA level (Supplementary Figure 3B) . Expression profiles of all seven identified candidates in the initial passages of each cell line were analogous to passaged samples. Calponin 3 was the main target of our research and was confirmed in protein level as well (Supplementary Figure 3C) . In all three pairs, Calponin 3 was augmented in the peritoneal metastasis cell lines.
3D spheroid cell invasion assay and Western blotting indicated that the E-cadherin level is inversely related to Calponin 3 expression ( Figure 2C ). The peritoneal metastatic cascade begins with the detachment of singular or clumps of tumor cells from the primary tumor [37] . Spontaneous exfoliation of malignant cells can be promoted by the downregulation of intracellular adhesion molecules on the tumor cell surfaces, more specifically E-cadherin [4] . Calponin 3 may participate in the initial dissemination of tumor cell from the primary tumor by downregulating the level of E-cadherin. Moreover, confocal images of SNU-2404 and SNU-2414 sets indicated that Calponin 3 was mostly located in outer boundaries, whereas Ecadherin remained at the cellular surface of inner cells within a colonized cell population (Figure 4 , A and C). It was previously reported that the Calponin 3 was upregulated in response to mechanical stress such as high fluid pressure around tumor mass [38, 39] . Cells at the outmost region of the cell colonies experience sheer force, which may account for the selective expression of Calponin 3. In terms of the role of Calponin 3 in peritoneal metastasis cascade, the level of Calponin 3 within cells at the outer shell of tumor clumps can be increased by mechanical stress around the tumor mass, and augmented Calponin 3 deregulates the expression of E-cadherin to promote spontaneous tumor cell shedding from the primary tumor. The mechanism of Calponin 3 to decrease E-cadherin level should be further investigated. Moreover, the formation of actin-rich membrane protrusions such as lammelipodia and filipodia is important to peritoneal transport of detached tumor cells [40] . The confocal images of SNU-2414 set indicated that the protruding region at the edge of SNU-2414B shCNN3 was significantly diminished compared to SNU-2414B shCONT (Supplementary Figure 4A) . This may imply that CNN3 took part in lamellipodia formation.
Taken together, we propose that the higher Calponin 3 expression may play a role in increasing CRC cell invasion partially due to its association with lower E-cadherin level, and suggest that Calponin 3 can be linked to a positive function in the peritoneal metastasis of CRC. 
